Cholesterol homeostasis is regulated not only by cholesterol but also by oxygenated cholesterol species, referred to as oxysterols. Side chain oxysterols, such as 25-hydroxycholesterol (25-HC), regulate cholesterol homeostasis through feedback inhibition and feed-forward activation of transcriptional pathways that govern cholesterol synthesis, uptake, and elimination, as well as through direct, non-genomic actions that modulate cholesterol accessibility in membranes. Elucidating the cellular distribution of 25-HC is required to understand its biological activity at the molecular level. However, studying oxysterol distribution and behavior within cells has proven difficult due to the lack of fluorescent analogs of 25-HC that retain its chemical and physical properties. To address this, we synthesized a novel, intrinsically fluorescent 25-HC mimetic, 25-hydroxycholestatrienol (25-HCTL). We show that 25-HCTL modulates sterol homeostatic responses in a similar manner as 25-HC. 25-HCTL associates with lipoproteins in media and is taken up by cells through low-density lipoprotein-mediated endocytosis. In cultured cells, 25-HCTL redistributes among cellular membranes and, at steady state, has a similar distribution as cholesterol, being enriched in both the endocytic recycling compartment (ERC) as well as the plasma membrane. Our findings indicate that 25-HCTL is a faithful fluorescent 25-HC mimetic that can be used to investigate the mechanisms through which 25-HC regulates sterol homeostatic pathways.
INTRODUCTION
Mammalian cells obtain cholesterol by de novo synthesis in the endoplasmic reticulum (ER) and endocytosis of lipoproteins. Cellular cholesterol levels are tightly regulated by coordinated homeostatic mechanisms, primarily involving the regulated proteolysis of the sterol responsive element-binding protein 2 (SREBP-2) transcription factor in the Golgi (1) . When ER sterols are abundant, SREBP-2 is retained in the ER in a complex with the cholesterol-sensing protein, SREBP-cleavage-activating protein (SCAP) and the ER retention proteins Insig-1 or -2 (2, 3). When cholesterol content in the ER is depleted, SCAP undergoes a conformational change and is released from Insig, allowing the SREBP-SCAP complex to translocate to the Golgi apparatus (4, 5) where it undergoes proteolytic maturation with release of the SREBP transcription factor (6) .
Cholesterol homeostasis is regulated not only by cholesterol but also by oxygenated cholesterol species, referred to as oxysterols (1, (7) (8) (9) Side chain oxysterols, such as 25-hydroxycholesterol (25-HC), are generated enzymatically and act as important regulators of cholesterol homeostasis, despite being their presence in cells only at 0.1% the concentration of cholesterol (9) . At the transcriptional level, 25-HC can bind the liver X receptors (LXR) to active LXR-mediated transcription that results in increased cholesterol efflux and elimination (10, 11) . 25-HC also inhibits SREBP maturation and subsequent transcription of genes involved in cholesterol biosynthesis and uptake (1) . In contrast to cholesterol, which directly interacts with SCAP, 25-HC enhances the interaction between SCAP and Insig proteins, resulting in retention of the SREBP-2-SCAP complex in the ER (12, 13).
In addition to transcriptional regulation, 25-HC also regulates cholesterol homeostasis by modulating cholesterol accessibility in membranes (14, 15) . While the exact mechanism is not known, 25-HC has been shown to have membrane-disordering effects and thin the bilayer, which increases cholesterol accessibility (16, 17) and results in enhanced flux of plasma membrane cholesterol to the ER (18) (19) (20) . Studies with the enantiomer of 25-HC have implicated direct interactions with membranes for inhibition of SREBP-2 processing as well as degradation of HMG-CoA reductase (14, 15) , sterol homeostatic responses that likely are modulated by ER cholesterol accessibility (21). How endogenous oxysterols, which are present at 0.1% the level of cellular by guest, on November 10, 2017 www.jlr.org Downloaded from cholesterol, participate in regulation of these physiological responses is unclear, though local enrichment in specific compartments offer a possible explanation.
Elucidating the cellular distribution and trafficking of 25-HC is required to understand its biological activity at the molecular level. However, this has proven difficult because of the lack of minimally perturbed fluorescent 25-HC mimetics (22) . For this study, we developed a novel fluorescent 25-HC mimetic, 25- hydroxycholestatrienol (25-HCTL) and characterized its fidelity as a 25-HC mimic, as well as its activity and distribution in cells. Our study provides a powerful new tool for investigating the mechanisms through which 25-HC regulates sterol homeostatic pathways.
MATERIALS AND METHODS

Chemicals and Reagents
All tissue culture supplies, Lipofectamine transfection reagents, Trizol reagent, SuperScript III Synthesis kits, Alexa labeling kits and dyes, geneticin, and LipidTox were from Life Technologies. 25-hydroxycholesterol (25-HC) was from Steraloids. Sybr Green was from Applied Biosystems. Dual-Glo Luciferase Assay System was purchased from Promega. All other chemicals, including human Tf (Tf), and horseradish peroxidase (HRP), were from Sigma. Iron-loaded Tf was purified on a Sephacryl S-300 gel filtration system (23).
125 I-Tf was prepared as described previously (23). Alexa 488 or 546 was conjugated to iron-loaded Tf following the manufacturer's instructions. HRP was conjugated to iron-loaded Tf as described previously (24 1 mg/mL geneticin, 100 units/mL penicillin, 100 µg/mL streptomycin and 10% FBS (27) . U2OS-SRA NPC1 knockdown cells were a gift from Bill Balch (Scripps Research Institute). U2OS-SRA NPC1 knockdown cells were grown in McCoys 5A medium with 5 µg/mL puromycin, 1 mg/mL geneticin, 100 units/mL penicillin, 100 µg/mL streptomycin and 10% FBS. All cells were grown at 37°C in a 5% CO 2 humidified incubator.
Basal Cholesterol Esterification Assay
Cholesterol esterification was performed as previously described (28) . Briefly, cells were pulsed with 1 µCi/mL Table 1 ).
Luciferase Reporter Assay for LXR-dependent Gene Expression
For quantification of LXR-dependent gene expression, transfection assays with CHO cells were performed as described (15) . Briefly, cells were transfected with a reporter containing 990 bp of the human ABCA1 promoter linked to a luciferase reporter and pTK-renilla. Wells were treated for 24 hrs in starvation media with 0-3 µM 25-HC or 25-HCTL, or 10 µM T0901317, which served as a control for LXR activation. Luciferase activity was measured and normalized to renilla. ascorbic acid and 0.025% hydrogen peroxide (H 2 O 2 ) were added to half of the cells (referred to as "density shifted"), and only DAB and ascorbic acid were added to the other half ("non-shifted") (33, 34). The dishes were incubated at 4°C on ice in the dark for 60 min. Cells were harvested by incubation with EDTA on ice for 20 min.
Fluorescence Microscopy
Cells were washed and resuspended in 250 mM sucrose and 50 mM HEPES pH 7.2. Cells were lysed by twentyone passages through a 27-gauge needle and centrifuged to remove unbroken cells and nuclei. The post-nuclear supernatant was applied to a 10-50% continuous sucrose gradient (35). Gradients were subjected to centrifugation at 137,000 x g at 4°C for 18 h. The fractionated gradients were taken for radioactivity measurement.
25-HCTL efflux from lysosomes
Wild type U2OS-SRA and U2OS-SRA NPC1 knockdown cells were pulse labeled with 0. µg/mL Alexa488-transferrin for 20 minutes. Cells were imaged using identical parameters using a 63x (1.36 NA) oil objective. 25-HCTL and dextran images were analyzed using the MetaMorph co-localization program as previously described (36).
Statistical analysis
All results are expressed as mean ± SE. The statistical significance of differences in mean values was determined by Student's t test. Data shown are representative of at least two similar experiments.
RESULTS
Development of an intrinsically fluorescent oxysterol probe
To investigate the cellular distribution of side-chain oxysterols, we synthesized an oxysterol analog of 25- hydroxycholesterol ( 
Comparison of the effects of 25-HC and 25-HCTL on regulation of sterol homeostatic responses
To test whether 25-HCTL can serve as an authentic oxysterol probe, we compared the biochemical properties of 25-HCTL with 25-HC with respect to a broad range of cellular sterol homeostatic responses. We first examined the effect of the oxysterols on internalization of plasma membrane cholesterol. CHO cells were pulsed with [effects of the oxysterols on the stability of the HMG-CoA reductase (HMGR), degradation of which is mediated by the oxysterol-dependent interaction of HMGR with the ER retention protein Insig (14, 15) . For quantification of HMGR degradation, we treated CHO cells stably expressing an HMGR-GFP fusion protein with 25-HCTL or 25-HC (15) . We found that 25-HCTL and 25-HC were equally effective in accelerating HMGR degradation ( Figure 2B ). Next, we examined SREBP-2-dependent expression and found the oxysterols were also equivalent with respect to suppression of HMGR, HMG-CoA synthase, and the low-density lipoprotein receptor (LDLR) expression ( Figure 3) . Finally, we assessed the ability of 25-HCTL to bind to LXR, a nuclear hormone receptor that is activated by side-chain oxysterols and promotes cholesterol elimination and efflux (10) . We used an LXRluciferase reporter assay and also quantified mRNA expression of ABCA1, a canonical LXR target (15) .
Treatment with the oxysterols resulted in similar dose-response increases in both assays, although the response to 25-HCTL was somewhat blunted in comparison to 25-HC ( Figure 4 ). 
Distribution of 25-HCTL in cultured cells
25-HCTL associates with lipoproteins
We examined whether the lysosomal enrichment at high concentrations of the fluorescent analog may have and after a 4 hr pulse under lipoprotein starvation conditions ( Figure 7D ). Taken together, these data show that 25-HCTL associates with lipoproteins, including LDL, and is internalized via the LDL receptor, suggesting that oxysterols may be internalized with lipoproteins and traffic first to endosomes and lysosomes before redistribution to the plasma membrane and ERC.
Post-lysosomal distribution of 25-HCTL in cells
To investigate the distribution of 25-HCTL following internalization, we performed pulse chase experiments in live cells using the fluorescent analog (Figure 8 ). In these experiments lower 25-HCTL concentrations (5 µM) were used to more closely approximate the trafficking of oxysterols under physiological conditions. To identify the ERC, TRVB1 cells were pulse labeled with 20 µg/mL fluorescent Tf for 15 min prior to fixation. At t=0, 25-HCTL was enriched in punctate vesicular structures and co-localized poorly with Tf. After 30 min, the 25-HCTL fluorescence in the vesicular structures was reduced, and there was partial co-localization of 25-HCTL with Tf.
After 60 min, the majority of the 25-HCTL fluorescence had trafficked from the vesicular structures to the ERC, co-localizing with Tf, as well as the plasma membrane. In addition to enrichment in the ERC and plasma membrane, 25-HCTL fluorescence was observed in a perinuclear compartment that could be the Golgi. These data show that following association with lipoproteins and endocytosis, the oxysterol analog is trafficked from the lysosome and then distributed throughout the cell, becoming enriched in the plasma membrane and ERC, as well as to some extent in other perinuclear organelles.
25-HC has a distribution similar to cholesterol
The fluorescence microscopy data shows that at low Fluorescence microscopy is a powerful tool for studying intracellular distribution and transport processes. In summary, we present the design, synthesis, and characterization of a novel fluorescent analog of 25-HC.
We provide evidence that the addition of two double bonds in the steroid ring system do not greatly alter its Figure 5B 
